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EXECUTIVE SUMMARY

This report documents the efforts of general development tasks in MPACT performed primarily at
the University of Michigan during FY17. These tasks included:

1.

Unstructured CMFD

The unstructured CMFD supports the RIA and BWR challenge problems. It allows MPACT
to simulate mixed lattice cores (e.g. 8x8 next to 9x9). This design feature is common to
operating BWRs and also the SPERT experiments being used to validate VERA-CS for RIA.

Higher order spatial sources for MOC

The higher order sources are for improving the overall performance of MPACT. Higher order
spatial sources in MOC provide accurate solutions with potentially significantly fewer mesh
regions, thus speeding up every calculation. This method is also particularly important for
BWRs.

Improving fine source region visualization

The improvement of the visualization of the flat source region mesh in MPACT is to support
users and communication of models and results from MPACT. VERAView provides
visualization of pin-wise information, however MPACT resolves the spatial solution to intra-
pin level. The capability provided here will let users visualize the full model geometry and
components of the solution at the highest spatial resolution available from MPACT.

Automated spatial decomposition

The automated spatial decomposition removes the burden from the user to know how to
spatially decompose the model for MPACT; a task that has been rather tricky in the past.
Instead the user may give some number of processors that is a multiple of the axial mesh and
MPACT will determine a nearly optimal decomposition that gives better load balance than
most decompositions used currently.

Optimal relaxation factors for feedback

The development of optimal relaxation factor is to improve the stability and robustness of
problems with feedback. Presently the default feedback values are 0.5, which may or may not
be optimal. Without relaxation the fixed point iteration that is currently used is known to be
unstable for large problems. The optimal relaxation factors are derived by utilizing a previous
Fourier analysis.

From the original milestone there was a scope change where the work on the Intel MIC was deferred
for work on the automated spatial decomposition.

CASL-U-2017-1423-000 iii Consortium for Advanced Simulation of LWRs
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1. INTRODUCTION

1.1 Background

This milestone is given a general scope to complete pre-defined tasks that may not be logically
placed under other milestones or because they address the earlier stages of long-term efforts. Some
activities may not be placed under other milestones for a number of reasons; these include: the
appropriate scoping milestone was not approved or does not exist, the activity cross-cuts several
efforts, the activity is in support of student research, or is otherwise a task that requires sufficient
effort to be named in a milestone.

This results in a milestone scope that is generally not focused, but rather more of a “grab bag” of
tasks. The tasks are generally selected to support research, challenge problems and some user needs.

1.2 Objectives

1.21 Scope
The original objectives of this milestone is to complete each of the individually identified tasks:

Implementation of Unstructured CMFD

Implementation of Higher Order Spatial Sources for MOC
Improvements to fine source region visualization

Port of the MOC kernels to the Intel MIC

Optimal Relaxation Factors for problems with Feedback

o > w0 e

The motivation for each of these tasks is given in each of the corresponding sections of this report.
However, they are also summarized here:

1. Unstructured CMFD supports the RIA and BWR challenge problems. It allows MPACT to
simulate mixed lattice cores (e.g. 8x8 next to 9x9). This design feature is common to
operating BWRs and also the SPERT experiments being used to validate VERA-CS for RIA.

2. Incorporating higher order sources in MOC aims to improve the overall performance of
MPACT. These intend provide accurate solutions with significantly fewer mesh regions, thus
speeding up every calculation. This method is also particularly important for BWRs to avoid
having a lot of mesh in the inter-assembly gaps and large water rods.

3. Improvements to the fine source region visualization in MPACT provide support to users and
are important in communicating models and results from MPACT. VERAView allows
visualization of pin-wise information; however, MPACT resolves the spatial solution to sub-
pin level. The capability provided here will let users visualize the full model geometry and
components of the solution at the highest spatial resolution available from MPACT.

4. The motivation for porting the MOC kernels to the Intel MIC is to prepare MPACT for being
able to take advantage of next generation DOE and NSF leadership computing hardware.
Several new leadership class machines are being deployed at the DOE National Labs and
universities that use the Intel MIC. These machines are: Theta (at ANL), Cori (at LLNL), and
Stampede (at TACC).

5. The goal of optimal relaxation factors with respect to feedback operations is to improve the
stability and robustness of coupled problems. Presently, the default feedback values are 0.5,
which may or may not be optimal. Without relaxation the fixed point iteration that is

CASL-U-2017-1423-000 1 Consortium for Advanced Simulation of LWRs
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currently used is known to be unstable for large problems. By utilizing the Fourier analysis
derived in [1], the relaxation factors may be optimized.

1.2.2 Risks

The primary risk to this milestone was availability of developer time, a secondary risk is availability
of computing resources.

1.2.3 Scope Change

Throughout the course of FY17, the previously described scope was modified. The effort that would
have been put into the Intel MIC task was instead used to develop an automated spatial
decomposition algorithm. The reasons for this scope change included: (1) access to Intel MIC
resources was limited, (2) improving the usability of the parallelism for spatial decomposition in
MPACT was noted to be a high priority for users, and (3) the automated decomposition would
improve the parallel efficiency.

1.3 Summary

The remainder of this document has a section devoted to each of the above stated tasks within the
scope. The milestone objective is considered complete as each of the tasks has been completed and
merged into the development branch of MPACT.

2. UNSTRUCTURED CMFD

The capability to use CMFD acceleration for the neutron transport on an unstructured coarse grid
was developed and implemented in MPACT during FY17. This was done to support a wider range
of fuel lattice types, including BWRs and other non-regular lattices such as the Special Power
Excursion Reactor Test (SPERT) [2], which is an important problem for testing and verifying the
transient capabilities of MPACT.

2.1 Motivation

While many reactors have a regular lattice with a constant pin pitch, this is not always the case. For
example, some BWRs will use 7x7, 8x8, 9x9, and/or other fuel assembly types in the same reactor,
and the SPERT reactor uses 4x4 and 5x5 fuel assemblies. As a result, the fuel pins do not line up
perfectly in a structured 2D Cartesian coarse mesh where each cell has no more than one neighbor
on any face. Instead, the coarse cells may be misaligned along certain edges, so a cell may have
more than one neighbor on a given face.

The CMFD implementation in MPACT was not originally designed to handle this misalignment, so
CMFD acceleration could not be applied as is to these problems. Either the mesh would have to be
defined differently (sub-pin level coarse mesh), or CMFD acceleration could not be used. Certain
calculations, such as a multicycle BWR depletion, where new assembly types are loaded after the
first cycle, were not possible. With the unstructured CMFD implemented in this work, full 3D
multicycle depletion of a BWR core in MPACT should be feasible with respect to the neutron
transport solver. Considering the building interest for more robust BWR capabilities in MPACT, the
importance of this work to CASL is evident.

2.2 Implementation and Limitations

The unstructured CMFD implementation does not support a general, non-Cartesian mesh. All coarse
cells must still be rectangular. This essentially follows the same methodology as described in [3].
The simplest example of the type of mesh that would use the unstructured CMFD is given in Figure
2.1. Here, the large coarse cell on the right has two neighbors on the west face.

Consortium for Advanced Simulation of LWRs 2 CASL-U-2017-1423-000
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Figure 2.1: Simple Illustration of Unstructured Coarse Mesh

Moreover, there are restrictions on where “unstructured boundaries” like the one shown in Fig. 1 can
occur in the CMFD (coarse) mesh. In problems without channel boxes or gaps, unstructured
boundaries can be placed at any “module” boundary. However, if the problem has channel boxes or
gaps, then these unstructured boundaries can only be placed at lattice boundaries. There is currently
no support for unstructured grids inside a module. Furthermore, there is no support for unstructured
boundaries in the axial direction. Pins cannot be misaligned in the axial direction.

Finally, the unstructured code only works for product angular quadrature sets for now. The code
changes implemented to modify the “prod quad” sweepers would need to be modified to work for
“base quad” sets. Since base quadrature sets are rarely used, we are leaving this as potential future
work.

The equations for unstructured CMFD are not substantially different from the structured CMFD
equations. The only difference is that the calculation of surface quantities such as net and partial
current must correctly account for multiple neighbors and fractional overlap between neighboring
cells. Most of the work involved modifying the code to be more general when performing ray tracing
on the coarse mesh and calculating surface currents during the MOC sweep. Previously, neighbor
surface identification was handled in many places by the direction of the neighbor (north, east, west,
south, top, and bottom). With an unstructured mesh, this is no longer a unique identifier of a surface,
so the coarse mesh surface index corresponding to the neighbor was used instead.

As such, modifications were needed to determine the global index of the surfaces intersected by the
MOC rays at module boundaries. To uniquely identify the surface index, some code was added to
obtain the next global coarse mesh cell index to be traversed by the MOC ray. Knowledge of the
current coarse mesh cell index and the next coarse mesh cell index allows us to uniquely identify the
global index of the surface intersected by the ray. For surfaces on parallel processor boundaries, the
implementation of several MPI Tsend/Trecv commands were needed to pass the “next global
coarse mesh cell index” to/from the appropriate processors. A new array, iCMSurfAtEachModBdry,
was added to crsMeshLongRayType IN CoarseRayTrace. £90 to store the surface indices crossed by
each long ray at all module boundaries.

Additionally, modifications were made to miscellaneous places in the coarse mesh calculations, such
as radial transverse leakage, where 4 radial neighbors were assumed.

CASL-U-2017-1423-000 3 Consortium for Advanced Simulation of LWRs
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2.3 Verification of Robustness and Correctness

With the changes introduced by this implementation, it is possible that we could see longer times for
ray tracing, as well as longer times for calculating radial transverse leakage, but the changes are not
expected to be significant. A few problems were run to verify that the changes did not significantly
affect run time. Three different cases using the center UO2 assembly from the 3D C5G7 benchmarks
[4] were run. Additionally, VERA Progression Problem 4 was run on Eos to verify the results for a
larger problem.

Table 2.1: CPU hours for master and new Unstructured Branch

Case Master [CPU-hr] B:Jarr]litlzu[((::tll’jlrjeﬂr]
C5G7 Unrodded 0.592 0.587
C5G7 Rodded A 0.649 0.644
C5G7 Rodded B 0.684 0.683
Problem 4 23.3 234

2.3.1 Testing
Three regression tests and a unit test were added to test the unstructured mesh capability.

e Unit tests added/modified:
. testMOCSweeper_UnstructuredCoarseMesh(HGMD

® testCoarseRayTrace Unodiﬁed)

Regression tests added:
® MPACT exe testValid spert 2D unstructured
® MPACT exe testValid spert 3D unstructured
® MPACT exe testValid pb 2x2 unstructured

The new unit test ensures that the MOC sweepers produce the correct result when an unstructured
mesh is used. The regression tests verify that MPACT produces the correct solution when
unstructured meshes are used. spert 2D and pb_2x2 are 2D cases, while spert 3D isa 2D/1D case.

Additionally, one-time testing was done to verify that the changes introduced do not interfere with
other capabilities such as multistate, transient, etc.
2.3.2  Visualization in VERAView

VTK visualization is unchanged with the unstructured coarse mesh. VERAView, however, looks
slightly different. Figures 2.2 and 2.3 show the VERAView display of the SPERT core
(checkerboard with two 4x4+buffer assemblies, two 5x5 assemblies).

Consortium for Advanced Simulation of LWRs 4 CASL-U-2017-1423-000
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Figure 2.2: VERAView display of SPERT using Structured CMFD, quarter pins
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Figure 2.3: VERAView display of SPERT using Unstructured CMFD
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Figure 2.4: SPERT Lattice Geometry

Figure 2.2 displays the pins in a 10x10 lattice because the core is modeled as quarter pins to allow a
structured mesh. Because an assembly has 10x10 coarse cells, it is modeled as 10x10 pins in
VERAView. In Figure 2.3, the maximum number of “pins” in a lattice is 6x6, which includes the
buffer zone around the 4x4 assembly. Thus, VERAView plots both the 4x4 and 5x5 assemblies in a
6x6 lattice. This looks clunky, but it doesn’t crash and it does plot the data in a way the user can still
interpret it with relative ease. Figure 2.4 shows the VTK edit of the SPERT geometry.

2.4 Future Work

In the future, we may want to improve the visualization in VERAView so that assemblies can be

displayed with the correct spatial relationship without false rows of pins when the number of pins
per assembly varies. This will require modification of both the HDF5 output and the VERAView
script.

3. HIGHER ORDER SPATIAL SOURCES FOR MOC

MPACT’s MOC solvers were written using the flat source approximation, however higher-order
source-approximations are possible within MOC. MPACT’s linear source MOC solvers are based on
Ferrer and Rhodes linear source approximation scheme. This scheme calculates linear moments of
the angular flux and uses these to compute source moments and source shape with MOC spatial
regions. Each MOC segment calculation becomes more expensive when using the linear source
approximation, however this approximation allows a model to use a coarser mesh, reducing overall
run-time while maintaining accuracy.

Consortium for Advanced Simulation of LWRs 6 CASL-U-2017-1423-000
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3.1 2D Linear Source MOC

3.1.1 Theory

This section outlines the equations used for the 2D linear source approximation MOC solvers
implemented in MPACT. These equations are found in Ferrer and Rhodes paper [5], and repeated
here.

Segment lengths are renormalized to preserve volume:

_ o ki = SmiiSis
with renormalization factor:
1

$i=—

ﬁviza/z &Zk tmki’
where t,,;1S the normalized segment length of segment k, in region i, in direction m, s,,;1s the
unnormalized (geometric) segment length of the same segment. V;is the volume of region i, and w,is

the product of azimuthal quadrature weight of azimuthal angle a and segment width. Similarly, w,is
the product of polar quadrature weight of polar angle pand polar sine, and Wy = Wg Wp.

X and Y directions of rays are given for each polar angle by:
am = cos(pg)sin(6y),
ay, = sin(@y)sin(6,).

and global X and Y coordinates are given by:

X(tm) _am tm/$; + aku

. . . Y(tm) a tm/fl + akl
MOC region numerical centroids can be calculated as:

1 .
X = 4nv, &Z ( glli g%f)takl'
a/2 k
Y. = ! waz ( k + Olyt)taku
4‘7TVl _a axt axt
a/2 k
with local coordinates given by:
x=X-X,
y=Y-Y,.

The outgoing flux of a segment may be calculated analytically to be:
g’

Vi) = Vi (0) + (o 57~ VO () + z(gzll)ze(rmm)

where ¥ (0)is the incident angular flux for the segment, q;‘ilkiis the averaged source for the

mkl
segment, qml is the 1st moment of the source for the angle and region, /.,

section in the region, and kalls the optical thickness of the segment. The equations F; (t?
F, (2, Yare given by:

is the transport cross-
), and

mki

mki
F; (kal) 1—exp(— kal)
F; (kal) Z(kal Fy (kai)) - kalFl (Tglki)'
These functions are tabulated and interpolated to avoid expensive exponential operations in the
internal loops.
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During the transport sweep the scalar flux and moments are accumulated using the following forms:

g
g_ %
¢ =33 +29—Z ‘“mz B

tr,i

qlx ql.
¢5¢ - Ztgrl Cg y Cgcy trl Zm w_mZk [amsakllpmkl(o)H(kal) + xaklAglkl] mki»
9
qlx i
(pg = Cl‘iy ty Cg t Zm %Zk [a Sakllpmkl(o)H(kal) + YaklAgmkl] mki»
where A;"nkl =2,.(0) — z/)mkl(tmkl),and coefficients are given by:
1 2
C{Z Y V-Z &Z wpz (ai‘nsaki)sz(T,ﬂki) + V_Z &Z (i) *tmki
tri’tqn D Tk Lajz k
1 2
Cg; = 59 V-Z &Z wpz (aynsaki)sz(Tglki) + _Z waz (ygki)ztmkir
tri’tg/2 P Tk a/2
1
Ciiy = g_z Wq Z Wy z aicnagr/l(saki)sz (Tﬁlki) + z waz aklyakl mki»
ZtTiVl a/2 _ -
’ p k a/2
where x§,;is the x-coordinate of the segment midpoint and equations are given by.
Tglkl 1
Gi(x, )=1+-1% 5 -1+ 3 ——)F (T
g mkl
GZ (kal) - (1 + )Gl (kal)
g

g ’l'
H(kai) = 2 - Gl(kal)
Source moments are found using these scalar flux moments:

g9 = i[z Zg'¢g' x? V9 B9
L4 k fate
! gl
where &' = [¢, ;3. ;31" The source expansion coefficients can then be found by solving the
following linear s system for each region and energy group.
gc = Miqui‘gc + Minyg;'
Qg; = Mixngc + Minyg;-
Where the expansion coefficients can be used to construct source-shape by:
af (x,y) = q +xq, + yq5,
The source average and moment along a segment are given by:
Ui = 47+ Xaridie + Yeridiy
- T Ghdftand;,
T ="
Matrix elements of the linear system are calculated as:

2
lxx - 41 V Z waz mkl (xakl)z + (xg;g 2 + amsakl(xakl - gllélt) +3 (amsakl) ]
a/2
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Miyy - 47TVl z

wa
a/2 k
Mix = LZ waz tmki[xirltt'yirltt' +x
y 4‘7TVL —a arl/” axkt
a/2 k
—xgk) + §afna%(5aki)2]-
3.1.2 Implementation

)2+ (WI)?

out,,out

aki Yaki +
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Z tmki [(}’gzii

in

2
+ aySaki Vi — Yori) + 3 (@nSari)?],

Saki
2

in out y in
- yaki) + am(xaki

(a;cn (yaki

The linear source implementation implements two additional types into MPACT. The new types are
for the source, and the MOC sweeper, and are shown in Figure 3.1 and Figure 3.2 respectively. The
implementation is currently not compatible with the 2D/1D method, however this is something that
can be easily addressed in future work. The functions Fy (t3,.), F2(t2;), G1(T1i), Ga (T3, )and

) are tabulated and interpolated for the MOC sweep routines.

9
H(T i
pkgSourceTypes
=

XSMesh

SourceType

SourceType_1GP0

TYPE(XSMeshType) |-
|:_[‘

ol

TransportSweeper

CLASS(Transp

|

SourceType_1GPn
SourceType_MGPO
N\

SourceType_MGPO_LS

- phix(: ) : REAL POINTER
- phiy(:): REAL POINTER
- Qix_mg(:) REAL PCINTER

- Qiy_mg() REAL POINTER
- Mx(}): REAL POINTER
-My(): REAL POINTER
My} REALPOINTER

+initialize() : void

+clear() : void

+ CompuUteMGFS() : void

+ updatelnScatter() : void

+ updateSelfScatterLSMG() : void

+ updateSelfScatterViG_Shield() : void
+initExtSource() : void

Figure 3.1: MPACT’s SourceType structure and use. Newly defined type for linear source:
“SourceType_ MGP0_LS”.
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pkgMOC J
I | I TYPE(MOCSweeperType_POMG_LS)
PlanarSynthesisType TransportSweeper

- phix(: ;) REAL POINTER
- phiy(:;): REAL POINTER

TYPE(PlanarSynthesis_Base) CLASS{TransportSweeper) - Ac(:): REAL ALLOCATABLE
+ scaleFluxiviom() : void -Ye()): REAL ALLOCATABLE
|>{ -+ updateCoefficients() : void -rXsi(;) - REAL ALLOCATABLE
% Q | [ ] FAY _Cx(:;): REAL,ALLOCATABLE
-Cy(:;): REAL,ALLOCATABLE
TYPE(PlanarSynthesis_MOC) - Cxy(:}): REAL ALLOCATABLE
- Mx(:) : REAL POINTER
+ scaleFluxMom() : void - Wy(:) - REAL POINTER
~Mxy[:) : REAL POINTER
- qixMG(:,) : REAL POINTER
- qiyMG(.,) : REAL POINTER
TYPE(MOCSweeper_Base) | -Fla(:;): REAL ALLOCATAELE
-F1b(:): REAL ALLOCATABLE
-F2a(.;): REAL ALLOCATAELE
TYPEMOCSweeperZR0) T B szE 3 REAL ALLOCATABLE
+ scalsFlxMom() - void G1a(:,): REAL ALLOCATABLE
| TYPE(MOCSweeperType_P0) | -G1b(:;): REAL ALLOCATABLE
G2a(:,): REAL ALLOCATABLE
()

REAL ALLOCATABLE
-Ha(): REAL ALLOCATABLE
-Hb(: ) REAL ALLOCATABLE

+initMOC() : void
TYPE(MOCSweeperType_POMG) + clear() : void

+ setFlux\Val_Scalar() : void
+initMOCMG() : void + sweep2D_prodquad_MG() : void
+ clearMG() : void +sweep2D_prodquad_wCurMG() : void
+ setupMGFSP() : void + generateSource() : void
+ UpdateSfcFluxiMom_prodquadMG() : void + scaleFluxMom() : void
+flipQutgoingindexMG() : void + updateCoeffcients() : void

Figure 3.2: Newly added MOCSweeperType for MPACT’s linear source based MOC solvers. For the
existing types only changes/additions are shown.

3.1.3 Results

The 2D linear source MOC sweeper was tested on several different benchmarks. Results from the
2D C5G7 benchmark are shown in Table 3.1. The coarse mesh cases were run with a single fuel ring
with 4 azimuthal divisions, and 8 azimuthal divisions in the coolant. The coarse reflector regions had
side-lengths of 0.42 cm. The fine mesh case was run with 5 fuel rings, and 10 coolant rings all with
16 azimuthal divisions. The fine reflector regions had side-lengths of 0.105 cm. Using the linear-
source on a coarse mesh was able to achieve results with similar accuracy as using flat-source on the
much finer mesh, while reducing total run-time by 20%.

Table 3.1. 2D C5G7 Results comparing flat and linear source approximations.

Scheme dk Max % RMS Error % To.tal Run-
(pcm) Error Time (s)
FSMOC (Coarse) 64.75 4.2325 1.1581 40.08
LSMOC (Coarse) 1.85 0.6234 0.1617 102.97
FSMOC (Fine) 8.03 0.9681 0.2368 130.65

The 2D B&W 1484 [6] cores results are shown in Table 3.2. Similarly to the C5G7 benchmark,
using the linear source gives results similar to that of using the flat source on a much finer mesh.
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Table 3.2. Edit 2D B&W Results comparing flat and linear source approximations. The reference
solution is using flat-source approximation on a very fine mesh.

Model FSMOC LSMOC Reference
Core 1 1.1641338 (-268 pcm) 1.1668469 (-3 pcm) 1.1668178
Core 2 1.1038155 (237 pcm) 1.1009780 (-47 pcm) 1.1014440

The 2D linear source was also tested on DIMPLE [7],[8], with results shown in Table 3.3.

Table 3.3. 2D DIMPLE Results comparing flat and linear source approximations on coarse and fine

meshes.
: KENO : 0 Max. % Abs
Experiment Reference Source Source Regions k-eff (dk pcm) % RMS Diff.
Flat 18350 1.090872 (184) 2.004 5.290
SO1A 1089035 Linear 1.088684 (-35) 0.348 0.812
Flat 931455 1.089430 (40) 0.418 0.992
Linear 1.089257 (22) 0.342 0.792
Flat 18350 1.099348 (292) 2.935 10.680
Linear 1.096778 (35) 0.419 1127
SO6A 1089035 Flat 931455 1.097443 (101) 0.434 1.207
Linear 1.097411 (98) 0.405 1.127
Flat 18350 1.083907 (34) 0.252 0.659
S06B 1089035 Linear 1.084406 (105) 0.266 0.709
' Flat 931455 1.085066 (150) 0.290 0.769
Linear 1.085074 (151) 0.283 0.749

Future work here involves extending the method to be compatible with MPACT’s 2D/1D solvers.
Additionally, on the same mesh the linear source approximation is taking about 2.5 times the run-
time as flat source. Other groups have seen better ratios than this, so additional effort needs to be
spent optimizing this capability.

3.2 3D Linear Source MOC

The 3D linear source in MPACT extends the methods used for the 2D linear source to three
dimensions.

3.21 Theory

The theory for 3D linear source is essentially the same as the 2D linear source. Some notable
differences are in the quadrature weights, where only the angular quadrature weight is used rather
than weighting azimuthal and polar angles differently. The linear system to solve for source
expansion coefficients may be different than the 2D linear source case. The third dimension gives
some flexibility in allowing the source to vary linearly in all directions, only axially, or only radially.
These source schemes result in linear systems of size 3x3, 1x1, and 2x2 respectively. Equations
remain largely the same, although loops over azimuthal angles will be replaced by loops over angles.

3.2.2 Implementation

The implementation of 3D linear source MOC involved extending the types added during the 2D
linear source implementation. Changes to the source type and sweeper type are shown in Figure 3.3
and 3.4 respectively.

CASL-U-2017-1423-000 11 Consortium for Advanced Simulation of LWRs



L3:RTM.PRT.P15.02 Milestone Report - UM MPACT Development Activities

pkgSourceTypes J

)

XSMesh

TYPE(XSMeshType) |-
|:_I‘

SourceType

<)_| SourceType_1GP0 |
>
SourceType_1GPn
SourceType_MGPO
VA

]
TransportSweeper

SourceType_MGPO_LS

- spatialScheme : INTEGER

- phiz(: ) : REAL POINTER

- Qiz_mg(:,) : REAL POINTER
- Mz(:) - REAL POINTER

- Mxz(:) : REAL POINTER

- Myz(:) : REAL POINTER

+initializeLS() : void

CLASS(TransportSweeper) |<

Figure 3.3: Additions/changes to Linear Source type for 3D linear source MOC.

pkgMOC J

r | o I TYPE(MOCSweeperType_POMG_LS)
PlanarSynthesisType TranaporiSueseey - spatialScheme : INTEGER
- phiz( ) REAL POINTER
IDI A S | ~qizMG( ) : REAL FONTER

| TYPE(PlanarSynthesis_Base) F

- Zc() . REAL ALLOCATAELE

? - Cz(;): REAL ALLOCATABLE
-Cxz(;) REAL ALLOCATABLE

- Cyzl;): REAL ALLOCATABLE

~Mz[) : REAL POINTER

- Mbz()) : REAL POINTER

- Myz(:) : REAL POINTER

| TYPE(PlanarSynthesis_MOC) |

FD' TYPE(MOCSweeper_Base) |
TYPE(MOCSweeper_Pn) I T

| TYPE(MOCSweeperType_P0) |

—

TYPE(MOCSweeperType_POMG)

+ updateSfcFluxdMom_basequadWG() : void

Figure 3.4: Addition/changes to linear source MOC Sweeper type for 3D linear source MOC.

Separate sweep routines were written for each of the different spatial source schemes, with switches on
initialization such that only the appropriate moments are allocated. Once the 2D linear source sweepers have
been optimized, similar changes should be made to the 3D sweepers as well. After the routines have been
optimized further, the different 3D source shape schemes should be tested and compared.

While not yet implemented, theoretical work has been performed to derive a 2nd-order (quadratic) spatial
source. The quadratic source will have a shape:

@

) o ey Sk o . i
i Vo — = L L Lo 2 1 ek
r-'r.llrnl-.'.'[h"“'r r-'r.llrul-.'.l r-'r.llnl-.'-' ('\'I"'" ] ) r-'r-'lr.l (h Farekid B }

The transport equation can be solved analytically, and found to have form:
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Fu(r) =1 + i (LR (r) - 7) - Fa(r),

where F; (t) and F,(t) were previously defined. The Oth angular flux moment will be the same as the flat
source case, however the 1st and 2nd order moments must now be considered:
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Using these moments one can find the scalar flux and it’s moments to be:
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Using the scalar flux moments one can construct the source, and solve the appropriate linear system (same

procedure as for linear source) to find updated source expansion coefficients. Then using a source iteration
scheme, one can iterate toward a solution. It is also possible to simplify these scalar flux moments for more
efficient execution on a computer.

Currently, the only planned use of the second-order source is in the axial direction, however similar to the
linear source it is possible to have various different spatial “schemes”. However, any implementation effort on
a 2nd-order source solver will not take place until after the linear source has been optimized and brought to
production-value.

4. IMPROVING FINE SOURCE REGION VISUALIZATION
4.1 Background

Effective visualization of the Fine Source Regions (FSRs) in MPACT is crucial for observing intra-
pin effects. For a single axial level in an MPACT model, each pin contains multiple regions, O(100)
in which the source is considered to be flat (unless using the recently developed linear source
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feature, but for consistency these regions are referred to as FSRs). This represents the finest level of
spatial discretization in MPACT. It also leads to a very large amount of output data.

For each FSR, many different quantities can be plotted including energy group-wise flux and
reaction rates, and nuclear parameters such as delay group-wise decay constants, etc. When
performing FSR edits, the file that MPACT generates is of the Visual ToolKit (VTK) format, which
contains several different sub-formats that pertain to different mesh types.

Prior to the completion of this effort, MPACT would output visual edits only to the legacy VTK
format, which is a single text file that must be written in serial. This file has the capability to be read
by readily available visualization programs such as Vislt or ParaView, although they must read this
file in serial as well. These programs allow for manipulation of the 2D or 3D object that is
represented and interpretation of the data in each FSR. Geometry in VTK files is discretized as cells
bounded by a several vertices. Each of these points is assumed to connected by a straight line. Thus,
curved objects such as fuel pins much be approximated with a series of connected straight lines.

For very large MPACT models that necessitate hundreds to thousands of cores, writing the FSR data
to a single file was not feasible. Such a file would be difficult to move and is extremely slow to open
in a visualization program (if it can be opened at all). Therefore, a solution was required to allow for
the visualization of these large models. The most obvious approach was to utilize the existing
machinery that is used to parallelize MPACT to assign each core a section of the geometry and the
associated FSRs.

4.2 Design and Approach

When executed in parallel, MPACT breaks up the geometry of the model into pieces. Each of these
pieces is assigned to a core to perform the relevant transport calculations. More specifically, each
core is allocated a portion of the modular geometry mesh. This mesh can be generalized to contain
any type of sub-mesh, but each modular mesh partition generally contains all the FSRs for a quarter
fuel assembly. Therefore, each core is effectively assigned a spatially contiguous batch of FSRs.

The approach of this task issue was to have each core print the data for each of its FSRs to a separate
file. This has the added advantage of dramatically reducing the amount of time to export the VTK
data, which was previously in serial. FSR data is accessed through the portion of the modular mesh
that is assigned to a given core. This scheme is shown in Figure 4.1. Because the legacy VTK format
would not allow for fragmentation of the data in this way, a different format was used. The more
modern eXtensible Markup Language (XML)-based format allows for data fragmentation into
separate files, each of which can be separately visualized or viewed together. This modern form of
VTK has many different sub-formats that correspond to the sub-formats of the legacy VTK format.
The sub-format chosen is specific to unstructured grids and is denoted as VTU. In VTU files, the
points that compose each cell are listed along with data pertaining to how the points are connected to
form cells. Additionally, the value contained in each cell is listed. VTU format is appropriate for
MPACT due to the heterogeneous nature of the geometry.
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Figure 4.1: VTU File Scheme

MPACT source code was first modified to include the capability to export FSR data using the
modern VTU format rather than legacy. This primarily consisted of creating a new file object
VTUXMLFileType that could properly write FSR data in the new format. This new class was placed
in Futility, the open source portion of MPACT. A higher-level class called

VisPackageVTUXMLType Was also created, which manages conversion of the FSR data to a format
that can be written to VTU files as well as the names of the files.

Since many different files are printed for a single MPACT model, information must be provided as
to which files belong together in order to visualize the entire model at once. This is done through an
extra file of the type Parallel VTU (PVTU), which contains a list of which files that belong together.
Visualization programs can open this file and automatically read from the appropriate files to
construct the full output dataset. Another advantage for this file type is the ability to be read in and
visualized in parallel. A computer with multiple cores can visualize the data in parallel, which
decreases the amount of time to open and manipulate an extremely large dataset (see Peach Bottom
in section 4.4 Demonstration).

To test this new functionality, two unit tests and a regression test were added to ensure that the new
file format is written properly. The unit tests ensure that the new file object can properly write a
sample set of data in the correct format. In the regression test each pin was treated as an “assembly”
and each of the different edit types were tested.

The names of tests that were added for this feature are listed below:
e Futility testVTUFiles MPI 1
e MPACT 1libsUI testVisPackageVTU MPI 4

e MPACT exe Regression fsr rr edits
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RCNASL

4.3 Usage from VERAIN

This feature has full functionality with the VERA input format, but also has limited functionality for
the MPACT standard input. To print the model geometry in VERA input files, the vis edits option
should be set to £fsrvtu. For the MPACT standard input, a third boolean should be set to T on the
vis_edits option. For VERA input only, the user can specify the types of data and states for which
to perform edits. Edit types are specified in the (ep1Ts] block (or (sTaTE] block), with the
following format:

edit group <name> fsr <edit type>[ <specifier>]

The name of the edit should then be placed in the edit option for each state that the edit will be
performed. When defining an edit in the [Ep1Ts] block, the edit type is prepended by ‘fsr ’ and
optionally appended by a specifier.

If no specifier is included for an edit type that is discretized (such as flux or lambda) all groups are
printed in the edit. For edit types discretized by energy groups, ¢ fast’, * thermal’, or * 2g’ can be
appended to include fast, thermal, or both energy ranges, respectively. If using iso-edits, the
specifier is the element symbol followed by A for the isotope; for example: U-235 (for this edit type
only, a specifier is required). Table 4.1 shows the available edit types along with their respective
available specifiers.

Table 4.1. Edit types and specifiers

rr-kappafission

Fission energy production rate

rr-outscatter

Outscatter rate from the specified group

Type Description Available Specifiers
rr-total Total reaction rate
rr-absorption Absorption rate
rr-fission Fission neutron production rate

energy group index or “2g"
if omitted it is energy
integrated

flux scalar flux

chi prompt neutron yield

delayed-chi delayed neutron yield

dnpy macroscopic delayed neutron precursor yield delayed neutron group
lambda decay constant

burnup fuel burnup N/A

i . . any isotope in model
iso-edits number density of an isotope (e.g. U-235)

4.4 Demonstration

Figure 4.2 shows the total reaction rate in the fastest group (1 of 51) from the regression test for this
VTU edits; the most thermal group’s reaction rate is shown in Figure 4.3. In this example, the cell
data for each pin in stored in a separate file.
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rr-total_001
6.427e+13

4.8208e+13

3.2142e+13

1.6076e+13

Figure 4.2: Total reaction rate edit of group 1 for regression test problem

r-total_051
2.610e+15

1.9578e+15

1.3052e+15

6.5261e+14

1.032e+10

Figure 4.3: Total reaction rate edit of group 51 for regression test problem

Figure 4.4 shows a cutaway of the 3D Peachbottom model generated using the PVTU capability.
This model was executed with 3776 cores and so generated 3777 files. It was rendered in parallel on
the OCLF RHEA cluster and was rendered in parallel using 32 cores. The time to read the data and
render it in Vislt took less than 10 minutes. Each pin is visible in this model, as shown in Figure 4.5.
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Figure 4.4: Cutaway of the 3D Peach Bottom core executed and rendered in parallel showing materials

Figure 4.5: A close up of the fuel assemblies of the 3D Peach Bottom model
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5. AUTOMATED SPATIAL DECOMPOSITION

5.1 Graph based Decomposition

MPACT is a highly parallel code, and while some forms of decomposition are trivial, spatial
decomposition for jagged cores is not. An optimal spatial decomposition will balance the
computational work evenly among processes, and minimize the communication between them.
Recent changes in MPACT have allowed for more flexible spatial partitions [9], but they must be
manually specified. The goal of this work is to automate the process of finding an optimal, or near-
optimal spatial decomposition.

The automated spatial decomposition in MPACT relies on abstracting the reactor into a graph, i.e. a
set of vertices and edges connecting those vertices; vertices represent a spatial region. In MPACT,
this is a module, which contains some amount of computational work. The edges represent
communication between the vertices (modules). In MOC, modules will only communicate with
directly adjacent modules with a connecting face. The vertices and edges may have associated
weights will allow for better load-balancing and minimized communication respectively. In MPACT
the vertex weight is computed using the number of source-regions. Once the reactor has been
abstracted to a graph, several different methods, such as the ones outlined below, can be applied to
decompose the mesh.

5.1.1 Recursive Spectral Bisection

The Recursive Spectral Bisection (RSB) method is an existing method common in computer science
for graph decomposition. This method computes the Laplacian matrix of the graph, and computes
eigenvectors of it [10]. Using the eigenvector associated with the second-smallest eigenvalue, or
Fiedler vector, the graph can be given an ordering. In the event of ties, larger eigenvectors can be
used to give consistent ordering. The ordering may then be looped through, and “cut” at a point
where the ratio between the two domains is approximately equally weighted. This process can be
repeated recursively until the desired number of domains have been decomposed.

5.1.2 Recursive Inertial Bisection

The Recursive Inertial Bisection (RIB) method is an existing method based purely on the coordinates
of the vertices [11]. This method takes the following steps:

1. Transform coordinates so origin is at weighted centroid

2. Calculate inertial matrix I

3. Solve eigenvectors of [

4. Compute distance from plane defined by largest eigenvector of I

a. Use planes of smaller eigenvectors for ties
where Iis defined by:
Ly = =1 XV,

where X,y are each some spatial coordinate, not necessarily x and y. Similarly to RSB this method
can be performed recursively, bisecting the graph at each step.

5.1.3 Recursive Expansion Bisection

The Recursive Expansion Bisection (REB) method is based on existing methods which expand
groups, however uses a set of ordered rules which was developed for this work [12]. This method
begins by selecting an initial vertex which is as far as possible from the weighted centroid of the
graph. The domain is expanded until a desired size is reached using the following ordered rules:

1. Highest connectivity to the current domain

2. Lowest connectivity to the outside domain

3. Largest within domain “sphere of influence”
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4. Largest outside domain “sphere of influence”
5. Smallest distance from starting vertex

A “sphere of influence” is a concept developed as part of this work, which includes vertices around a
vertex which either directly neighbor, or neighbor two or more neighbors. Examples are shown in
Figure 5.1. Similarly to RSB this method can be performed recursively, bisecting the graph at each
step.

(a) Rectangular

(b) Hexagonal

Figure 5.1: Sphere of influence in a graph shown for 2D (a) rectangular (b) hexagonal meshes [12].

5.14 Communication Reduction (Refinement)

The methods above are able to get well balanced decompositions, however the communication
between them may not be minimal. Methods such as Kernighan-Lin can be used to reduce the
communication between bisected domains at each step of the recursive process [13]. Kernighan-Lin
(KL) is a method which tests swapping vertices to see if communication can be reduced over several
steps, minimizing at each step. This work involved implementing Kernighan-Lin and a modified
Kernighan-Lin (SKL) which prioritizes distance between swapped vertices in-order to “straighten”
cuts.

5.2 Results

The automated radial decomposition was tested on VERA progression problem 5a-2D. The
geometry of this problem is shown in Figure 5.2, with decompositions shown in Figure 5.3.
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Figure 5.2: Geometry for VERA progression problem 5a-2D.

(a) (b)

Figure 5.2: Spatial decompositions using old (a) Z-order based recursive spectral bisection method, and
newly developed (b) REB-SKL method.
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Table 5.1. 5a-2D timing results using various decomposition methods.

Method Time % Reduction Min / Max Mem.(MB)
épft‘i’:{;::g{iz'r‘]’e 916.02 N/A 175.6/ 14818
Manually Specified 828.11 9.6 804.1/1359.9
RIB 760.94 16.9 1086.4 / 1276.6
REB 697.33 23.9 1078.9/1311.2
RSB-SKL 755.67 17.5 1094.5/1228.9
RIB-SKL 764.07 16.6 1086.5/1276.8
REB-SKL 695.53 241 1079.1/1311.2

For this progression problem, the REB method with SKL refinement gave the best results reducing run-time
from the old Z-Tree methods by 24.1%, and by 16% from the previous best manually specified
decomposition. All the methods implemented give near optimal load balancing. However, if refinement
methods are not used they may not be convex, which is a current requirement for spatial domains [Error!
Reference source not found.]. Therefore, it is recommended to always use the refinement method SKL.

Currently, only 2D radial decompositions are available, future work involves extending these methods to
generalized 3D domains. With generalized 3D domains, better load-balancing is possible. Especially in cases
in which there are axial reflectors, or with staggered-fuel heights.

6. OPTIMAL RELAXATION FACTORS FOR FEEDBACK

Recent work has demonstrated that the current under-relaxation method used in MPACT may
become unstable for large problems when feedback is present [1]. A new iteration scheme which is
more stable than the current scheme was developed, and is currently being implemented in MPACT.
The iteration scheme, written for a 1-group, isotropic scattering, infinite media problem is as
follows:

1. Begin iteration nwith initial guess of scalar flux, ¢ ™ (x), net current, J7 (x), and
eigenvalue, A,
2. Compute the macroscopic cross sections and diffusion coefficient:

a 50 =i+ Zulp™(x) — @),
) - -
D™ (x) 32£")(x)'
3. Compute the non-linear current correction factor for low-order diffusion equation:
2. DW() = LM + D) L1 /6™ ().
4. Solve the low- order d|ffusron eigenvalue problem
d dg*t/2) Q) o) +1/2
a8 ——DW () =——+[2,"(x) + DM ()]p™/D (x) =
/1(n+1/2)1/2f(n) (x)¢(n+1/2)(x).
5. Performa transport sweep:
(n+
2. w24 5P ™) = 2 @) + A0 (018D (x) +
(1- ﬁ)fb(") ()]

6. Update the solution for the next iteration:

a. ¢V = [T PO (x wydu 2o

S Y weED G pndprdx’
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1 / @
b. ](n+1)(x) = f_l #w(n+1)(x,y)du X[ w("fl)(xrw)dwdxr’
XJ0 -1 !

C. A(n+1) — A(n+1/2).
Performing the Fourier analysis of this iteration scheme one finds the spectral radius to be:

p = MAXlgwjgoolg(wj' ﬁ)l'

3
0(w), B) = (A =V)frs(w)) + Bl = V) frs(w;) — 1],

arctan(w;)

frs(w)) = o,

wj=j-5 X.(For reflective boundary conditions)

to

Thus, for each discrete value of w;there is a linear in g line, with the spectral radius being the largest
magnitude value (at that beta). The optimal value of g can then be found analytically by looking at

the intersections between the first discrete value w, and the other values less than a maximum set by
NDA.

During feedback calculations, an estimation of the optical thickness of the problem can be estimated
during the first iteration, by taking a flux-averaged total cross-section and multiplying by the
maximum X,Y,Z dimension, or potentially by using a characteristic 1-D buckling related to the
buckling of a right cylinder. The total feedback reactivity coefficient can be found using the
difference in eigenvalue from iteration to iteration, and the base nu-fission and absorption cross-
sections:

— 220
de Zao

Once this factor has been calculated, the optimal relaxation factor fcan be calculated from a
functionalized equation based on the result of the Fourier analysis. A plot of the optimal £ is shown
in Figure 6.1. There are certain cases, with a sufficiently large or negative y, which lead to this
iteration scheme being unstable. However, these values of y represent unphysical systems and,
therefore are not typical for a reactor. Nevertheless if they do occur MPACT will default to no
relaxation (f = 1).
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Figure 6.1 Optimal relaxation factor, g, for various values of y
Future work on this task will involve completing the implementation and testing the effectiveness of

this scheme. Then developing a similar result for a more representative iteration scheme; essentially
doing the Fourier analysis with a spatial discretization and CMFD.
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7. CONCLUSIONS AND FUTURE WORK

The report describes five development activities that were successful completed for MPACT. The
completion of these tasks improves the usability, stability and robustness, and capability of the
MPACT code for CASL. In a few of the cases, further work is required to realize the full value of
these features. By completing the unstructured CMFD capability MPACT is well-suited to tackle the
RIA and BWR challenge problems in FY18. The higher order spatial sources have been
demonstrated to have a correct implementation, but further work to improve the performance is
necessary to realize its full value. The improved visualization edits and automated spatial
decomposition were completed and will be providing value in the next release of MPACT. Lastly the
optimal relaxation factors demonstrates the potential, however significant future work is still
required on this task to have a fully mature capability.

7.2 Future Work

7.2.1 Unstructured CMFD

Future work on the unstructured CMFD will be mostly for maintenance; that is, ensuring this feature
continues to work as other features are and code modifications are added. One major effort related to
this that still needs to be completed would be better support for edits with unstructured CMFD.
However, a lot of this work will need to occur outside of MPACT. Additionally, this feature still
requires documentation in the user and theory manuals.

7.2.2  Higher Order Spatial Sources for MOC

At this stage, this effort has achieved a proof of principle. However, the current performance of the
implementation is not quite as good as those reported by others. Ongoing work will begin focusing
on improving the performance of these kernels, so that models may be run with fewer source
regions, and shorter wall times. Additionally, the method needs to be implemented so that is
functional for 2D/1D problems. Lastly, as a research effort using higher order spatial sources for the
z-direction in 3D MOC calculations should also be investigated. This feature also still requires
documentation in the user and theory manuals.

7.2.3 Improving Fine Source Region Visualization
Future work on this task will be mostly for maintenance. There are couple small tasks that are also
desirable to complete for usability. Specifically,

1. Vislt apparently has a problem with displaying filled boundary plots for pvtu files. Working
with other Vislt users and developers would be needed to resolve this.

2. Operation and usage of how/when the edits are generated when running MPACT. It may be
desirable to have a preprocessor or have the edits occur earlier in the execution.

3. Addition of compression to edited files. This is supported in the XML formats, but can also
be supported by other file formats such as HDF5 and SILO.

7.2.4  Automated Spatial Decomposition

Future work in this area consists of generalizing the partitioning in full 3D. This will benefit
primarily parallel 3D MOC calculations, but will also provide some benefit for 2D/1D calculations.
In particular, when axial regions in the model (e.g. the upper and lower reflectors or core plates)
have significantly less mesh, a generalized 3D decomposition will achieve a better load balance
since the axial planes of the model have a significant difference in the amount of work for each.
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7.2.5 Optimal Relaxation Factors for Feedback

The general problem being solved by this effort is improved stability and robustness for coupled
simulations, which is something that has been identified as a key area of concern by AMA
leadership. The ongoing work here is still in its early stages, and although improved stability has
been observed, there is significant value to be gained in pursuing future work on this topic.
Specifically the optimal relaxation factors derived thus far do not come from an iteration scheme
with a spatial discretization. The next step in this work is to perform the analysis for an iteration
scheme more representative of the one used in MPACT (or VERA-CS). This should lead to overall
faster convergence rates for the coupled problem. Additionally, we hope to develop a new iteration
scheme that is even more rapidly convergent then the ones utilized presently.
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